Traditional forward genetic screens are limited in the identification of homologous genes with overlapping functions. Here, we report the analyses and assembly of genome-wide protein family definitions that comprise the largest estimate for the potentially redundant gene space in Arabidopsis thaliana. On this basis, a computational design of genome-wide family-specific artificial microRNAs (amiRNAs) was performed using high-performance computing resources. The amiRNA designs are searchable online (http://phantomdb.ucsd.edu). A computationally derived library of 22,000 amiRNAs was synthesized in 10 sublibraries of 1505 to 4082 amiRNAs, each targeting defined functional protein classes. For example, 2964 amiRNAs target annotated DNA and RNA binding protein families and 1777 target transporter proteins, and another sublibrary targets proteins of unknown function. To evaluate the potential of an amiRNA-based screen, we tested 122 amiRNAs targeting transcription factor, protein kinase, and protein phosphatase families. Several amiRNA lines showed morphological phenotypes, either comparable to known phenotypes of single and double/triple mutants or caused by overexpression of microRNAs. Moreover, novel morphological and abscisic acid-insensitive seed germination mutants were identified for amiRNAs targeting zinc finger homeodomain transcription factors and mitogen-activated protein kinase kinase kinases, respectively. These resources provide an approach for genome-wide genetic screens of the functionally redundant gene space in Arabidopsis.
INTRODUCTION
Large gene families containing genes with highly similar or even identical sequences are common in various organisms and statistically more abundant in plants, including Arabidopsis thaliana (Arabidopsis Genome Initiative, 2000) . Genetic redundancy can include partially overlapping functions of gene family members (Tautz, 2000; Briggs et al., 2006; Kafri et al., 2009) and can be tightly connected to mechanistic robustness of cellular networks (Wagner, 2005) . Functional overlap and partial or complete redundancy between different family members are considered to be reasons for the lack of observable phenotypes in single-gene deletion mutants, while at the same time higher order mutants show increasing severity of phenotypes (Arabidopsis Genome Initiative, 2000; Bouché and Bouchez, 2001; Cutler and McCourt, 2005; Kwak et al., 2003; Park et al., 2009) .
Traditional forward genetic screens using diverse mutagens are limited in the targeted identification of functional overlapping (partially) redundant genes. A recent comprehensive study of phenotypes in Arabidopsis (Lloyd and Meinke, 2012) shows that only ;591 (partially) redundant genes have been described to date. These studies underline the potential for novel tools that enable screens of the functionally redundant gene space. Different overexpression strategies (Tautz, 2000; Weigel et al., 2000; Briggs et al., 2006; Ichikawa et al., 2006; Kafri et al., 2009; Mitsuda et al., 2011) and RNA interference-based strategies (Abbott et al., 2002; Ott et al., 2005; Wagner, 2005) have been applied to address functional overlap. However, overexpression strategies may cause neomorphic and pleiotropic phenotypes that are difficult to interpret. RNA interference approaches (Abbott et al., 2002; Ott et al., 2005) may suffer from off-target effects as the processing of one double-stranded RNA generates multiple small RNAs with potentially undesired targets (Jackson et al., 2003; Wickham, 2009 ). An alternative in plants are artificial microRNAs (amiRNAs) (Schwab et al., 2005; Ossowski et al., 2008) . AmiRNA precursors can be computationally designed to target a specific group of potentially redundant genes, and the amiRNA precursor is specifically processed to give one mature amiRNA (Schwab et al., 2006) . However, so far, amiRNAs have not been designed on a genome-wide scale to target potentially redundant genes. Therefore family-targeting amiRNA libraries, which would enable assessment of redundancy in large-scale forward genetic screens, are presently not available.
Here, we report the genome-wide assembly of gene family definitions that include 22,020 proteins of the Arabidopsis proteome that encode gene family members. Using the derived integrated gene family definitions, we next computationally designed of over 2,000,000 multi-gene targeting amiRNAs against protein families in Arabidopsis using a high-performance computing resource (Triton Compute Cluster, University of California San Diego [UCSD] ). The analyses are searchable online in a Web resource that integrates data from other large-scale data sets, including subcellular localization, transcriptome, interactome, and phylogenetic data. In addition, a subset of 22,000 amiRNAs in 10 sublibraries targeting over 18,000 genes has been computationally assembled for amiRNA library synthesis and was subsequently cloned as pools into a plant expression vector. A proof of concept forward genetic screen using over 120 amiRNAs shows the validity of the approach and identifies known and novel gene family-linked phenotypes. Considering the many large-scale seed germination screens for abscisic acid (ABA) insensitivity, it is remarkable that we found in our concept screen a novel ABA-insensitive mutant. The resources represent a new generation of potent tools for screening or targeted analysis of a yet poorly understood functionally redundant gene space in Arabidopsis.
RESULTS

Analysis of Genome-Wide Protein Families
There are two main genetic mechanisms considered responsible for robustness against mutations (i.e., the lack of measurable phenotypes in loss of function mutants under diverse conditions). These are either buffering through alternative pathways or (partial) redundancy originating from gene duplication and coexpression of homologous genes (Hetherington, 2001; Leonhardt et al., 2004; Briggs et al., 2006; Delattre and Félix, 2009 ). The latter is relevant for our chosen amiRNA-based approach. Protein families and superfamilies are by definition groups of homologous sequences, which may be considered to contain all potential functionally redundant homologous proteins. There are several available data sets of Arabidopsis gene families, hereafter referred as family definitions, and it was not evident a priori whether one of these family definitions would be best for our novel amiRNA-based strategy. Therefore, we analyzed 16 existing gene family definitions of Arabidopsis (Figure 1 ; see Supplemental Table 1 online). Overall, 22,020 genes (80% of all protein coding genes) belong to families with at least two members (see Supplemental Figure 1 online). The majority of the families contain between two and five proteins ( Figure 1B ). However, the overlap of gene families among individual family definitions is relatively small (Figures 1C and 1D; see Supplemental Table 2 online). The largest groups of genes, which are found in the same families independent of the family definition, are F-box (98 genes), lipase (94 genes), and UDP-glucosyltransferase (93 genes) genes. Our analyses show that no single all-encompassing family definition exists. Phytozome is the most encompassing family definition, but inclusion of 11 additional family definitions is necessary to substantially increase combinatorial genome-wide coverage (Figure 1C; see Supplemental Table 2 online) .
Genome-Wide Design of an AmiRNA Library
The design of amiRNAs against families defined in the selected family definitions was performed using the publicly available Web microRNA designer (WMD; Ossowski et al., 2008) in an iterative approach shown in Figure 2A and described in detail in Methods. The computational design of genome-wide amiRNAs targeting gene families required over 90,000 h of CPU time on a high-performance cluster (2048 CPUs and 256 nodes; Triton Compute Cluster, UCSD). Each family of the 12 individual definitions (Figures 1C and 1D; see Supplemental Table 1 online) was used as input for the computational design of amiRNAs. This resulted in a first set of amiRNAs with variable coverage depending on the family size and on sequence diversity within the family as well as the presence of potential off-target sites. In a second phase, an iterative approach was used to increase the coverage for all those families not covered to at least 75% of the family members by any combination of amiRNAs ( Figure 2A ). The families were first subclustered using a Dirichlet process clustering algorithm (DPCL; Brown, 2008) , and these subclusters then were used as input. In cases where the coverage did not reach at least 75% by taking the amiRNAs generated in the first and second round into account, we used clusters obtained with the Markov chain clustering algorithm (MCL; Enright et al., 2002) , with a configuration that led to smaller subclusters. Then, amiRNAs were designed against these smaller subclusters. In total, 2,002,149 unique amiRNAs were designed targeting 18,117 genes in 58,232 target classes (Figures 2B and 2C) . A target class is a term for a group of genes targeted by one or several amiRNAs ( Figure 2B ). All amiRNAs target 18,117 of the 22,020 genes that belong to gene families consisting of at least two genes. Thus, the computationally designed amiRNAs correspond to 80% of all protein coding loci in the analyzed family definitions. Note that the lack of sufficient conservation of nucleotide sequence within members of a targeted gene family or the presence of similar nucleotide sequences in genes, which are not part of the targeted family (i.e., potential off-targets) precluded a complete coverage of all gene family members.
This large-scale collection of family specific amiRNAs is available as a searchable resource targeting families that are part of the redundant gene space in Arabidopsis. Development of similar resources will prove useful for other organisms with a large redundant gene space. As a user-friendly resource, we created a website named PHANTOM DB (http://phantomdb.ucsd.edu) providing an interface to search the entire collection of amiRNAs. In addition, all 16 family definitions and family subclusters analyzed in this work are integrated, allowing the user to quickly identify closely related groups of genes. Data on subcellular localization (SUBA II; Heazlewood et al., 2007) , gene expression levels from microarray experiments, interaction data (STRING; Szklarczyk et al., 2011) , and approximate phylogenetic trees along with the alignment are provided as help for deciding which amiRNA is optimal for the intended experiment.
Assembly of a Library for Forward Genetic Screening
It is evident that a data set consisting of over 2,000,000 amiRNAs is very useful for targeted analyses of functionally redundant gene families but is not of interest for screening purposes in most research areas or when considering, for example, a saturating screen. Therefore, we selected a subset of 22,000 amiRNA sequences targeting the same 18,117 loci with 22,000 target classes based on criteria as follows. In brief, after filtering out amiRNAs targeting more than 16 genes, amiRNAs were selected based on different amiRNA properties, including the score assigned by WMD (for details, see Methods). In our algorithm, while maintaining the total number of targeted genes, no target class is chosen twice, but overlapping target classes were chosen to optimize silencing of the same genes with more than one amiRNA. This leads to a high number of different target gene combinations ( Figure 3A ). Furthermore, the portion of overlapping target gene sets (cf. Figures 3A and 3B ), the number of (A) Venn diagram of protein-coding loci in the three largest family definitions (Phytozome, PIRSF, and PFAM). (B) The bar graph shows the relative distribution of family size in the Phytozome, PIRSF, and PFAM family definitions (100% is the total number of families in the individual family definition). The families are categorized in six groups according to their size. (C) Heat map of a comparative analysis of family definitions. Note that all of the 12 depicted gene family definitions contribute additional gene families that were included for the genome-wide amiRNA design. The color scale represents the relative similarity between the family definitions (see Supplemental Figure 1 and Supplemental Tables 1 and 2 online for further details). (D) Integrated view of 12 genome-wide Arabidopsis gene family definitions (red circles) with their associated gene families (green circles). Gray lines (edges) connect the 12 family definitions with their associated families. Gray lines also connect families that share members. gene combinations, and the robustness of the screens performed needed to be considered. Figure 3C illustrates the robustness of our combinatorial design, whereby five homologous genes ( Figure 3C , orange boxes) are cotargeted by seven distinct amiRNAs ( Figure 3C , green boxes), such that even if any single amiRNA is less effective, other amiRNAs overlap in their target genes. Overall, this approach leads to a robust and diverse library, hereafter named the PHANTOM library. The designed library contains mainly (96%) amiRNAs that target two to five genes (see Supplemental Figures 2D and 2E online). Targeting fewer genes is advantageous when considering dose dependency of amiRNA efficiency (Arvey et al., 2010) but even more so when considering follow-up experiments to identify the relevant genes.
While 22,000 amiRNAs in one pool might be of interest for a large-scale screen, dividing the amiRNAs into smaller pools grouped according to protein functions increases the flexibility and allows smaller, more targeted screens. We reduced the GO-SLIM (A) Simplified schematic illustration of the workflow used for the computational iterative design of family-targeting amiRNAs. Starting with the analysis of family definitions, the amiRNA design was performed using whole families and using subclusters for increasing the number of targets per family. The resulting amiRNAs were assembled in a Web-accessible database. A selection of 22,000 amiRNAs was chosen for synthesis (see Results for details). (B) Schematic representation of the relation between target classes, amiRNAs that target specific genes, and the targeted genes. Shown are two target classes that target two (left) or three (right) genes (targets). The target class is a term for a group of genes targeted by one or several amiRNAs. (C) Overview of the total number of genes in the relevant groups (x axis from left to right): all annotated loci in the genome of Arabidopsis, all protein coding loci, all loci in the family definitions analyzed (see Supplemental Table 1 online), all loci targeted by any designed amiRNA, and all loci targeted by the 10 PHANTOM sublibraries. (D) Size distribution of the functional classified amiRNA sublibrary pools represented in the designed PHANTOM library. TFB, transcription factors and other RNA and DNA binding proteins; PKR, protein kinases, protein phosphatases, receptors, and their ligands; HEC, hydrolytic enzymes (enzyme classification [EC] class 3), excluding protein phosphatases; CSI, proteins that form or interact with protein complexes including stabilization of those; TEC, metabolic and other enzymes catalyzing transfer reactions (EC class 2); PEC, catalytic active proteins, mainly enzymes; BNO, proteins binding small molecules; TRP, proteins that transport organic and inorganic molecules across membranes; DMF, protein with diverse functional annotation not found in the other categories; UNC, genes for which the function is not known or cannot be inferred. classification available from The Arabidopsis Information Resource (TAIR; Garcia-Hernandez et al., 2002) from 12 down to 10 classes (see Supplemental Table 3 online) and classified first the targeted loci and in a second step the target classes into these groups. In summary, the functionally subpooled PHAN-TOM library represents a robust and flexible set of amiRNAs targeting over 18,000 genes in different gene families (e.g., transporters [4632 genes and 1777 amiRNAs], transcription factors, and other DNA/RNA binding proteins [8611 genes and 2964 amiRNAs]) and even protein families of unknown function (11, 554 genes and 4082 amiRNAs) ( Figure 2D ; see Supplemental Table 3 online).
Bar-coded oligonucleotides containing fragments of the amiRNA precursor were synthesized in situ (Cleary et al., 2004) , and the recovered amiRNA precursors were cloned as described in Methods. A high-copy Gateway-compatible vector, which allows flexible and simple transfer into compatible plasmids of choice, was used as a backbone for the 10 amiRNA-precursor sublibraries. In a second set of 10 plasmid pools, the amiRNA precursors were transferred into a standard plant expression (A) The network shown visualizes the largest connected unit in the PHANTOM library. The library assembly procedure maximizes the number of unique groups of targeted genes. Thus, the connectivity and complexity of the network is high. The target genes are part of the Kinomer TKL (Tyr kinase-like kinases) family, by far the largest group of kinases in land plants (Martin et al., 2009) . AmiRNAs (green circles, nodes) are connected by edges (gray lines) to their target genes (red circles, nodes). Green circles represent one amiRNA sequence. (B) The network shown visualizes the connected unit in an alternative assembly procedure, which was tested for an initial PHANTOM library design but not pursued further (see Results). This alternative assembly procedure maximizes the number of amiRNAs with a minimal set of groups of targeted genes. This reduces the connectivity and complexity of the network. The target genes are part of the AP2 transcription factor family (Kim et al., 2006) . AmiRNAs (green circles, nodes) are connected by edges (gray lines) to their target genes (red circles, nodes). Green circles represent here more than one amiRNA sequence. (C) Example of a typical target class target gene network in the PHANTOM amiRNA library representing members of the NAC transcription factor family. Orange rectangles represent target genes, while green rectangles represent amiRNAs labeled by an identifier. Note that most gene pairs are targeted by two or more amiRNAs, and each amiRNA targets a separate group of genes, thus enhancing robustness and gene combinations for screening. vector. To assess the quality of our library, we performed highthroughput sequencing analyses for both sets of the 10 sublibraries (20 and 21 bp amiRNA libraries [see Methods for details]). All 20 library pools contained $ 95% of all sequences designed for each sublibrary (see Supplemental Figure 3 online). All libraries are publicly available via the ABRC.
Design and Screen of a Small AmiRNA Library as Proof of Concept
We constructed 126 amiRNAs targeting transcription factors, protein phosphatases, and kinases (TPK library; Table 1 ; see Supplemental Figure 4 online) using the WMD algorithm for the design of amiRNAs described above. In total, 122 amiRNAs were transformed in Arabidopsis Columbia-0 (Col-0) harboring a pRAB18: GFP (for green fluorescent protein) reporter. The selected T1 generation was screened for visible morphological phenotypes, and the T2 generation was screened for ABA insensitivity during seed germination. In summary, for 122 transformed amiRNAs, 121 transformed T1 lines could be recovered. For one construct, no transformants could be isolated in several attempts (amiRNA-GRF: growth-regulating factor 1 transcription factors; see Supplemental Table 4 online). In three cases, the phenotype in the T1 generation was too variable between different T1 plants and due to the lack of sufficient seeds from independent T1 transformants could not be confirmed in independent T2 transformants (amiRNA-G2-like: G2-like transcription factor, eight targets; amiRNA-MYB1: c-MYB homolog transcription factor; amiRNA-MYB2: c-MYB homolog transcription factor; see Supplemental Table 4 online). The T2 generation of 116 amiRNA lines (at least three independent lines each) was screened for ABA insensitivity in seed germination. In total, 10 lines exhibited either a visible morphological phenotype distinct from the wild type (Figures 4 and 5; see Supplemental Tables 5 and 6 online) or showed a reduced ABA sensitivity in seed germination (amiRNA-M3K; Figures 5C, 5F, and 5G; see Supplemental Tables 5 and 6  online) .
A comparative analysis of predicted target genes, phenotypes, and published data showed a connection for several of the observed phenotypes. Transformants containing p35S:amiRNA-ARF (for Auxin Response Factor) show leaf shape and inflorescence morphologies ( Figure 4B ) similar to published miRNA 167 overexpression lines (Wu et al., 2006) . The morphology of plants transformed with p35S:amiRNA-SBP (for SQUAMOSA-PROMOTER BINDING PROTEIN; Figure 4C ) resemble miRNA 156b overexpression plants (Schwab et al., 2005) , while p35S:amiRNA-TCP transformants ( Figure 4D ) resemble miRNA 319a overexpression plants (Palatnik et al., 2003) . The amiRNAs target the same gene families, but different combinations of family members compared with the natural miRNA. Lines obtained with p35S:amiRNA-MADS ( Figure 4E ) or p35S:amiRNA-C2C2-CO-like (CONSTANS like; Figure 4F ) reflected known single-gene mutant alleles included in the target class of these amiRNAs. In the case of p35S: amiRNA-MADS, agamous alleles (e.g., agamous2; Yanofsky et al., 1990; Bowman et al., 1991) show similar flowers ( Figure  4E ). The late-flowering phenotype and the increased plant size observed with p35S:amiRNA-C2C2-CO-like ( Figure 4F ) are typical for CONSTANS alleles (Koornneef et al., 1991) .
AmiRNAs Cause Higher Order Mutant Phenotypes
The amiRNA screen identified phenotypes of higher order mutants. The phenotype of p35S:amiRNA-ARF mentioned above resembles arf6 arf8 double mutant plants (Nagpal et al., 2005) . A growth arrest response at the early seedling stage ( Figure 4G ) was observed with plants transformed with p35S:amiRNA-HB-1 (homeobox domain). A similar phenotype is also found in pdf2 atml1 double mutants, both targets of this amiRNA (Abe et al., 2003) . A more complex case was obtained with p35S:amiRNA-HB-2 ( Figure 4H ). On the one hand, the plants showed to a certain extent jagged leaf borders reminiscent of sawtooth-1 sawtooth-2 double mutant plants (Kumar et al., 2007) . On the other hand, internode patterning of siliques and aerial rosettes ( Figure 4H ) resembled ath1-1 pnf pny triple mutants (Rutjens et al., 2009 ). In total, nine genes, including four of the ones mentioned above, are targeted by p35S:amiRNA-HB-2 (see Supplemental Table 5 online). p35S:amiRNA-bZIP ( Figure 4I ) caused partially curled leaves, initially shorter plants, and a smaller distance between the last cauline leaf and flowers (Jakoby et al., 2002) . This is likely a multifactor effect due to the central role of the targeted seven TGA transcription factors that are known to be involved in regulation of salicylic acid response and floral development (see Supplemental Table 5 online; Hepworth et al., 2005; Murmu et al., 2010; Xu et al., 2010; Rivas-San Vicente and Plasencia, 2011) .
New Leaf/Inflorescence Development and ABA Response Mutants
Two lines revealed phenotypes not described previously (Figures 5A and 5C) . Plants expressing p35S:amiRNA-zfHD (zinc finger homeodomain transcription factor) showed narrower and elongated leaf planes. The glossy surface of the leaves was not due to the lack of trichomes based on microscopy analyses (see Supplemental Figure 5B online). More impressively, reduced apical dominance and evidently shorter siliques were characteristic for this amiRNA line ( Figure 5A ; see Supplemental Figure  5A online). Quantitative real-time PCR data indicate that transcriptional repression of the zfHD transcription factors for two transcripts (AT1G75240 and AT5G15210) is stronger than twofold ( Figure 5D ).
The p35S:amiRNA-M3K targeting mitogen-activated protein kinase kinase kinases (M3K) was the only amiRNA in the TPK library causing a reduced ABA sensitivity in seed germination compared with the wild type (2 µM ABA; Figures 5C and 5G) . The amiRNA line also exhibited enhanced seedling growth and cotyledon emergence in the presence of ABA ( Figures 5C and  5F ). The level of reduced ABA insensitivity is approximately comparable to the control amiRNA line used in this screen to Table 5 online) with similar phenotype to miRNA167 overexpression (Wu et al., 2006) or arf6 arf8 double mutants (Nagpal et al., 2005) .
(C) Rosette and whole plant of a representative line transformed with amiRNA-SBP (predicted targets: SPL2, SPL3, SPL4, SPL6, SPL9, SPL10, SPL11, SPL13B, SPL13A, and SPL15; see Supplemental Table 5 online) with similar phenotype to miRNA 156b overexpression plants (Schwab et al., 2005) .
(D) Rosette, leaves, and inflorescence of a representative line transformed with amiRNA-TCP (TB1, CYC, and PCF family; predicted targets: TCP2, TCP4, TCP10, TCP13, and TCP24; see Supplemental Table 5 online) with similar phenotype to miRNA319a overexpression plants (Palatnik et al., 2003) .
(E) Rosette and inflorescence of a representative line transformed with amiRNA-MADS (MCM1, AGAMOUS, DEFICIENS, SRF family; predicted targets: AG, AGL3, AGL6, AGL7, AGL10, AGL13, AGL15, AGL25, and AGL72; see Supplemental Table 5 online) with similar phenotype to agamous alleles (Bowman et al., 1991) .
(F) Rosette and inflorescence of a representative line transformed with amiRNA-C2C2-CO-like [C(2)-C(2) zinc finger constans like; predicted targets: CO, COL1, COL2, COL4, and COL5; see Supplemental Table 5 online] with similar phenotypes to CONSTANS alleles (Koornneef et al., 1991) . silence the single gene ABI5 (Figures 5C, 5F , and 5G; Finkelstein, 1994) . The analysis of target gene expression changes with quantitative real-time PCR indicates transcriptional repression of several M3K genes ( Figure 5E ), including a gene (AT1G73660) that has been reported to be a negative regulator of salt tolerance (Gao and Xiang, 2008) . Overall, the p35S:amiRNA-M3K plants showed a slightly reduced growth phenotype compared with the wild type grown in parallel ( Figure 5B ). In summary, our results show the potential of our approach, by reproducing known phenotypes, in particular of known double mutants and the potential to identify candidate genes causing previously undescribed gene family-linked phenotypes.
DISCUSSION
Measurable phenotypes of loss-of-function mutants provide an approach for analyzing and assigning gene functions. The large number of gene families in Arabidopsis with functionally overlapping members is considered to be a substantial source of genetic redundancy (Cutler and McCourt, 2005; O'Malley and Ecker, 2010) . Only a small fraction of (partially) redundant genes has been studied to date (Lloyd and Meinke, 2012) . These studies underline the potential for novel tools that enable screens of the functionally redundant gene space. Our approach that combines amiRNA technology with a comprehensive computational analysis of gene families represents such a tool. The newly created PHANTOM DB Web resource provides a database of over two million amiRNAs that target potential functionally overlapping genes. The PHANTOM DB further enables the parallel viewing of up to 16 differing family definitions along with a selection of gene expression data (Leonhardt et al., 2004; Schmid et al., 2005) , subcellular localization (Heazlewood et al., 2007) , protein domain architecture (Mulder et al., 2003) , and interaction data (Szklarczyk et al., 2011) . The PHANTOM DB facilitates the decision that genes are preferential targets.
Combinatorial Design of the Library for Enhancing Coverage and Robustness
Based on our large family specific pool of computationally designed amiRNAs, we pursued a combinatorial selection algorithm of the most promising amiRNAs for synthesis of our PHANTOM library. Instead of simply selecting the smallest set of ;10,000 target classes and then adding amiRNA sequences of the same target classes ( Figure 3B ), we added new target classes giving rise to a larger combinatorial coverage of the redundant gene space (e.g., Figure 3A versus 3B) . As a result the network, consisting of all target classes and targeted genes as nodes (e.g., Figure 3C ), contains for the smallest set 28,432 nodes (10,317 target classes and 18,117 targets). However, for our current combinatorial approach, the network contains 40,117 nodes (22,000 target classes and 18,117 targets). This difference in complexity is also reflected in the number of clusters in the networks (1502 versus 3123 clusters) and the size of the largest clusters ( Figure 3A versus 3B) . Considering that only silencing of certain combinations leads to a measurable phenotype, our overlapping combinatorial approach should increase the probability of including a large portion of such pairs within the group of targeted genes (e.g., Figure 3C ). Furthermore each of the 10 sublibraries consists of two separately synthesized libraries (see Supplemental Figure 3 online) containing the 21-or 20-mer amiRNA (Ossowski et al., 2008) , which is likely to further enhance robustness of forward genetic screening.
Proof of Concept Screen with Transcription Factor, Protein Kinase, and Phosphatase Families as AmiRNA Targets
In order to test our strategy, we constructed the TPK library, targeting transcription factors, protein phosphatases, and protein kinases. Remarkably, with only 122 constructs, we found 10 causing phenotypes different from the wild type in at least three independent T1 transformants and the following T2 generation (see Supplemental Table 5 online). From these, three resembled known miRNA overexpression phenotypes (Schwab et al., 2005; Wu et al., 2006; Schwarz et al., 2008) , two were similar to single mutant alleles (C2C2-CO-like and MADS; Koornneef et al., 1991; Ledger et al., 2001) , and three shared aspects of higher order mutants (HB1, HB2, bZIP, and ARF; Abe et al., 2003; Nagpal et al., 2005; Kumar et al., 2007; Rivas-San Vicente and Plasencia, 2011) , while the remaining two were novel. Overall the phenotypes were stable and consistent among independent transformants in subsequent generations. However, in three cases (see Supplemental Table 4 online), the strength of phenotypical properties was weaker or lost in parts of the subsequent generation. This described variability of the phenotypic response in independent lines has been previously reported (Alvarez et al., 2006) . In an activation tagging mutagenesis approach, certain phenotypes, such as sterility, reduced apical dominance, or (G) Whole seedling of three independent transformants obtained with amiRNA-HB-1 (predicted targets: AT1G05230, ATML1, HDG11, HDG3, HDG9, and PDF2; see Supplemental Table 5 online). Comparable to pdf2 atml1 double mutants (Abe et al., 2003) , these plants also do not develop further than shown in the image (see Supplemental Tables 5 and 6 online for details).
(H) Rosette, leaves, inflorescence, and aerial rosette of a representative line transformed with amiRNA-HB-2 (predicted targets: BEL1, BLH2, BLH3, BLH4, BLH5, PNF, ATH1, BLH11, and PETB; see Supplemental Table 5 online). While the leaf borders share similarity with a sawtooth-1 sawtooth-2 double mutant (Kumar et al., 2007) , the internode patterning of the siliques and the aerial rosette resemble ath1-1 pnf pny triple mutants (Rutjens et al., 2009 ) thereby possibly showing additive effects of the targets.
(I) Rosette and whole plant of a representative line transformed with amiRNA-bZIP (basic region/Leu zipper motif transcription factor; predicted targets: PAN, TGA1, TGA1, TGA2, TGA4, TGA5, and TGA6; see Supplemental Table 5 online). The plant leaves seem to be paler, and the distance between the last cauline leaf and the flower is shortened compared with wild-type plants (white arrow marks inflorescence shown in the top left of the panel). (A) Rosette, leaves, whole plant, and inflorescence of a representative line transformed with amiRNA-zfHD (predicted targets: ATHB22, ATHB23, ATHB25, ATHB26, ATHB27, ATHB29, ATHB30, ATHB33, and ATHB34; see Supplemental Table 5 online). The larger number of stems, larger number of flowers, and short siliques are typical for this amiRNA.
(B) Whole plant of a representative line transformed with amiRNA-M3K (predicted targets: AtMAP3Kd1, AtMAP3Kd3, AtMAP3Kd5, AtMAP3Ku1, AtMAP3Ku2, AT1G73660, and AT1G18160; see Supplemental Table 5 online). In general, those plants were smaller than wild-type plants of the same age.
(C) Images of seeds germinating on plates containing 2 mM ABA at the indicated time points. Shown are representative lines of an amiRNA line targeting a set of seven M3Ks (amiRNA-M3K; top row). Wild-type control amiRNA targeting human myosin 2 (amiRNA-HsMYO, no target in Arabidopsis; middle row) and one amiRNA line targeting ABI5 (amiRNA-ABI5) as reference for insensitivity is shown in the other two rows. paleness, were observed in ;1% of lines (Weigel et al., 2000) . In the proof-of-concept screen with the TPK library, in total from the 10 lines with phenotypes, two from this category exhibit sterility (amiRNA-MADS) or reduced apical dominance (amiRNA-zfHD), suggesting a frequency that may be in this range or higher than 1%. A comparison between the knockout data published by Lloyd and Meinke (2012) and the entire set of genes targeted by amiRNAs showed that the amiRNA approach missed potential phenotypes (e.g., the ABA hyposensitivity of perk4 [Bai et al., 2009] and mpk6 [Xing et al., 2009 ] mutants), but also described new phenotypes. The large synthesized set of amiRNAs in our PHANTOM library can compensate for individual amiRNAs that may be less effective.
Developmental and ABA Sensitivity Phenotypes
To our knowledge, the phenotypes of the amiRNAs targeting nine zinc finger homeodomain transcription factors (amiRNA-zfHD; Figure 5A ) and that of seven M3Ks (amiRNA-M3K; Figure  5C ) have not previously been linked to any of the targeted genes. Single-gene deletions in six of the nine targets of the amiRNA-zfHD showed no apparent effects (Tan and Irish, 2006) . The negative regulation of ATHB33 by ARF2 (Wang et al., 2011) indicates that auxin misregulation might contribute to the alteration of the inflorescence morphology, which partially resembles the amiRNA-ARF phenotype ( Figure 4B ). The amiRNA-M3K targeting seven M3Ks was identified as the only amiRNA causing reduced ABA sensitivity in seed germination ( Figures 5C, 5F, and 5G ). Control amiRNA-ABI5 lines that silence the ABI5 transcription factor (Finkelstein and Lynch, 2000) and showed a phenotype were used as reference for ABA insensitivity (Figures 5C, 5F, and 5G ). Identification of a new ABA-insensitive mutant in this small screen is remarkable since even large-scale activation tagging screens of ;66,000 independent lines (;10 6 seeds screened) did not identify a single robust ABAinsensitive mutant (Kuhn et al., 2006) . Several reports suggest that during seed germination, mitogen-activated protein kinase cascades are part of the ABA signaling network (Lu et al., 2002; Jammes et al., 2009; Liu, 2012) . MPK6, MPK9, MPK10 (Jammes et al., 2009; Xing et al., 2009) , and At-MKK1 (Xing et al., 2009) proteins were reported to play a role in ABA signaling. Although, to date, no M3K has been shown to reduce ABA signaling, single mutants in two amiRNA targets (Wawrzynska et al., 2008; Gao and Xiang, 2008) were found to be ABA hypersensitive or indistinguishable from the wild type, respectively. Further studies are necessary to elucidate the underlying mechanisms of M3K and zinc finger homeodomain transcription factor amiRNA phenotypes.
The strength of repression of the target transcript has been reported to depend on sequence composition of (a)miRNA and targets, the target gene expression level, mRNA turnover rate, and additional unknown factors (Brodersen et al., 2008; Arvey et al., 2010; Larsson et al., 2010; Schwab et al., 2010) . Note that the amiRNA score includes some of these parameters; however, by including specificity-related information, such as number of possible off-targets, the predictive power of the score for the efficiency is limited and therefore was not used here (Ossowski et al., 2008) . The use of amiRNAs designed here could yield data contributing to statistical improvement in the prediction of parameters that would enhance amiRNA efficiency. We analyzed our small-scale TPK data to determine whether we could find indications for effects originating from physicochemical amiRNA properties. Comparing amiRNAs from plants with phenotypes to the remainder of the TPK library (see Supplemental Figures 6A to 6C online) suggests a relevance of higher binding energy (see Supplemental Figure 6A online), less mismatches (see Supplemental Figure 6B online), and the location of the amiRNA target site (see Supplemental Figure 6C In conclusion, based on a genome-wide assembly of protein family definitions, we computationally created a Web-accessible resource of family targeting amiRNAs and have designed and synthesized 10 expression libraries as novel tools for addressing functional overlap in the Arabidopsis genome. It might well be that the amiRNAs could also be used in other related plant species as described previously (Alvarez et al., 2006) . In a proofof-principle screen, we provide evidence for the potential of our approach by identifying known and new amiRNA-linked phenotypes. The created resources represent a novel approach, which enables addressing of functional genetic redundancy in large and small-scale screens and in targeted analyses.
METHODS
Analyses of Protein Family Definitions
Family definitions were derived from the databases listed in Supplemental  Table 1 Table 1 with the exception of three data sets obtained either directly from the authors (PlantTribes, Kerr Wall; Transorgalin, Pascal Mäser) or curators (Robert Finn, PFAM). Sequences were downloaded from TAIR (Garcia-Hernandez et al., 2002) . The annotation versions were always kept separate, and nonexisting loci were excluded from further analyses. Where necessary the identifiers were mapped from Uniprot/Trembl identifiers to Arabidopsis thaliana gene identifiers using three data sources in hierarchical order: (1) mapping available at TAIR (Garcia-Hernandez et al., 2002) , (2) mapping available through Integr8 (Kersey et al., 2005) , and (3) mapping through protein identifier cross-reference service (Côté et al., 2007) . This minimized the "loss" of Arabidopsis gene identifiers due to redundant sequence versions. In rare cases where a protein was assigned to two different families, the identifiers were collected in a new family named by the combined string of the original family identifiers. The Kinomer definition was reproduced using the HMM model (Martin et al., 2009 ) for searching the two annotation versions (Garcia-Hernandez et al., 2002) to avoid potential erroneous mapping. For PlantsP, the downloaded file and the Web content were merged. In the next step, all singletons (i.e., families consisting of one locus) were removed from the datasets. In order to break down large families into subfamilies, DPCL (Brown, 2008) , MCL (Enright et al., 2002) , and BLAST cluster (Altschul et al., 1990) algorithms were applied to protein sequences and in two cases (MCL and BLAST cluster) also to nucleotide sequences. Procedures were automated using scripts written in Python (van Rossum and de Boer, 1991) , and SQLite (http:// www.sqlite.org) was used for pre-and postprocessing and storage of the data, respectively. The similarity heat map ( Figure 1C ) was generated as follows. Each family in each family definition was compared with each family in all of the other family definitions. If the proportion of common genes was $75%, the family was counted as similar. In this way, a score is assigned to every family definition, which is the sum of all counted similar families (see Supplemental Table 2 online). The counts were the converted into relative values by setting the highest count in each column of Figure  1C to 100%.
either by downloading from the websites listed in Supplemental
Design of Family Member-Targeting AmiRNAs, the PHANTOM Database, and Assembly of the Pooled Library All genome-wide amiRNA designs were run on the UCSD Triton Compute Cluster after the public release of AmiRNA/WMD3 Version 3.1 (Ossowski et al., 2008) software. The preset AmiRNA/WMD3 settings were used for all procedures as follows. A maximum of five mismatches in a gap-less alignment are allowed for initial target identification, and one hit per gene and one isoform only are considered in the evaluation. The binding energies were calculated using RNAcofold (Lorenz et al., 2011) at a temperature of 23°C. No off-targets and minimal two targets were required for all amiRNAs. Further details of the AmiRNA/WMD3 algorithm are described by Ossowski et al. (2008) and the documentation of the software. Note that the current AmiRNA/WMD3 target search may contain few false negative/positive predicted amiRNA targets (Schwab et al., 2005) , which can be minimized when new target search algorithms become available. Scripts written in Python were used for preprocessing, parallel processing (Dalcin et al., 2008) , and postprocessing of the data. Large-scale designs were run on a high-performance cluster (2048 CPUs and 256 nodes; Triton Resource; San Diego Supercomputer Center; University of California San Diego). For each family in the family definitions used (Interpro, Kinomer, Phytozome, PFAM, PIRSF, Merops, PlantsP, PP, TCDB, Trans-portDB, and TransfacDB; see Supplemental Table 1 online for explanations of the abbreviations and relevant references), the design procedure was first run against all members in a family. When the designed amiRNAs covered 75% or more of the family members, the design was considered sufficient. For #75% family member coverage, the design was repeated, now using first subfamilies as defined by the DPCL algorithm (Brown, 2008) . If again 75% coverage was not reached, the design was repeated against subfamilies as defined by MCL algorithm of cDNA sequences. This resulted in coverage of each family where most families are covered more than 75% (see Supplemental Figure 2A online). The amiRNA sequences were loaded into a SQLite database (http://sqlite.org/) that was integrated as a searchable Web resource (PHANTOM database; http://phantomdb.ucsd.edu) together with the analyzed family definitions and other publicly available data, including microarray-derived gene expression, subcellular localization, protein domain, protein interaction, and phylogenetic data using tools documented in the "about" section of the PHANTOM database. All quantitative and network graphs and analyses were generated using R (R Development Core Team, 2008) and additional packages (Csardi and Nepusz, 2006; Wickham, 2009; Kalinka and Tomancak, 2011) . For the PHANTOM library synthesis, 22,000 amiRNA sequences were selected as follows. All amiRNAs targeting more than 16 loci were filtered out. Then a new score, Ns, was calculated for all amiRNAs according to the equation Ns = Ms 2 As + Si(tN), where As is the original score as provided by AmiRNA/WMD3, Ms is the maximum score observed in all amiRNAs designed, and Si(tN) is a weighting factor. The value of Si(tN) is a function of the number of targets, tN, and has the following discrete values (listed in the format tN:Si): 2:5.0, 3:40.0, 4:50.0, 5:60.0, 6:65.0, 7:60.0, 8:55.0, 9:50.0, 10:45.0, 11:40.0, 12:35.0, 13:30.0, 14:25.0, 15:20.0, and 16:15. This formula prefers amiRNAs with six targets, and large score values correlate with better predicted amiRNA properties. AmiRNAs targeting two genes were weighted less, as even with this low weight there is a large proportion of amiRNAs that target two genes (see Supplemental Figure 2E online). The highest scoring amiRNAs, which include unique loci not targeted by other amiRNAs, were chosen, and then additional amiRNAs were added provided that they added new targets to the set. This procedure was repeated until at least 22,000 amiRNAs were collected, and the worst scoring amiRNAs were removed to reach exactly 22,000 amiRNAs. This procedure leads to unique target classes; therefore, the same genes are targeted by amiRNAs of different target classes, thus enhancing the combinatorial coverage of the gene space (for example, see Figure 3C ). Note that the amiRNA score, which is based on findings from a finite number of validated genes (Schwab et al., 2005) , was used here solely for ranking purposes. The score value is limited in its predictive power for amiRNA efficiency and specificity, and further data, including findings from the use of the PHANTOM library, could allow improvement in the scoring scheme.
Classification of the PHANTOM AmiRNAs According to Target Function
The 12 GO-SLIM definitions (Garcia-Hernandez et al., 2002) were compressed into 10 groups to divide the amiRNAs into pools (see Supplemental  Table 3 online) and the targeted loci classified according to the Gene Ontology term "molecular function." The following procedure was applied to equalize the pool size, in particular to reduce the larger nonclassified group: (1) members of family definitions with functionally distinct groups (TransfacDB, PlantsP, Kinomer, TCDB, and TransportDB) , and enzymes classified by AraCyc were moved into the corresponding groups (see Supplemental Table 3 online); (2) nonclassified loci were rearranged if TAIR10 GO-SLIM had a function; (3) nonclassified loci were rearranged if a MapMan (Thimm et al., 2004) function was found (see Supplemental Table 3 for details). Based on this locus classification, the amiRNAs were functionally pooled using a majority-based rule (i.e., most frequent class with a function in a group of targets determines the pool of the amiRNA). When this approach did not resolve the proper subpool of an amiRNA, the amiRNA was added to the pool named DMF (for diverse molecular functions).
PHANTOM AmiRNA Library Construction
The 172-bp oligonucleotides containing the amiRNA (amir*/amir) and part of the mir319 backbone were synthesized in situ as described previously (Agilent; Cleary et al., 2004) . As originally amiRNAs including those in the TPK library (see below) were constructed by adding one base to the precursor stem (Ossowski et al., 2008) and on the other hand this extension in some cases might influence the amiRNA properties, all 22,000 amiRNAs were constructed in two backbones differing in length by two bases (i.e., the original mir319 has been replaced either by 20-or by 21-bp amir sequences) (Ossowski et al., 2008) . All DNA fragments were purified at UCSD by agarose gel electrophoresis before subsequent reactions. First, the amiRNA oligonucleotides were PCR amplified using poolspecific primers (0.3 µM each) and KOD polymerase (Novagen) according to the manufacturer's recommendations and the following amplification protocol: initial denaturation 95°C, 2 min; 25 cycles with 95°C, 30 s; 55°C, 30 s; and 70°C, 30 s. To minimize potential uneven template sequence dependent amplification, separate reactions were performed in the presence and in the absence of 5% DMSO and pooled before purification by gel electrophoresis and subsequent extraction (QiaexII; Qiagen). The purified PCR products were cut in two reactions either with MfeI-HindIII or with MfeI-BsaI, purified, and ligated overnight into the EcoRI-HindIII digested pFH0315. The 40 ligations (10 pools, two different backbones, and two different enzyme combinations) were individually transformed by electroporation into library-competent DH10B cells (Invitrogen) and plated on total 800 plates (150 mm diameter). The plasmid library of each pool was isolated from the harvested cells using a Maxiprep kit (Tip 500; Qiagen) and digested with BbsI. The BbsI loop fragment obtained from pFH0313 was then ligated into the digested plasmid library pools. As before, ligations were transformed and plated, transformed cells harvested, and plasmids isolated.
Stock cultures were separated and planned for donation to the ABRC for distribution. Subsequently, the plasmid library pools were recombined into the plant expression vector pFH0032 (see Supplemental Table 7 online) using LR Clonase (Invitrogen). Quality control was done on the one hand by isolating plasmids from a total 190 colonies and subsequent sequencing for 13 pools. In these sublibraries, 60 to 93% of all sequenced clones were correct (i.e., 467 bp spanning the entire amiRNA precursor correspond to one of the expected sequences in the pools). On the other hand, the content and complexity of each pool was analyzed by deep sequencing. This was achieved by Illumina sequencing of adapted (SBS3 and Truseq) amplicons containing the guide (mir) and flanking sequences (see Supplemental Table 7 online). Samples were multiplexed and sequenced with an Illumina MiSeq sequencer using a custom recipe (30 dark cycles, 22 read cycles, and seven index reads cycles). On average, the enrichment factor (number of reads for an amiRNA in the pool of interest divided by total reads of this amiRNA in all pools) of amiRNAs in each pools was >0.94 (94%) for any of the pools.
Transcription Factor, Protein Phosphatase, and Kinase Library Construction
To test the amiRNA design in the context of ABA signal transduction, we designed a set of amiRNAs targeting transcription factor, protein phosphatase, and protein kinase families and subfamilies (i.e., groups of proteins most likely involved in signaling). AmiRNAs were designed against filtered (see computational analyses for details) transcription factor, protein phosphatase, and protein kinase families and subfamilies using the publicly available AmiRNA/WMD (versions 2 and 3.1 through the website) (Ossowski et al., 2008; Schwab et al., 2010) with the default parameters, minimal two targets and in general no off-targets. In case of subfamilies where no amiRNA could be found, the remaining family members were allowed as off-targets. In general, amiRNAs were initially chosen for cloning according to the following criteria in decreasing order of importance: they target five or more genes, add more coverage with minimal overlap to already generated amiRNAs in the TPK library, contain largest group of targets whose expression is affected based on microarray data from ABA-treated plants (Leonhardt et al., 2004; Goda et al., 2008; Yang et al., 2008) , or target three or more genes of families not covered by any amiRNA so far. Primer design (RS300 setting on AMIRNA/WMD3) and overlapping PCR were done using publicly available tools and protocols from WMD (Ossowski et al., 2008) except that the A and B primers were replaced with 59-caccGAATTCCTGCAGCCCcaaacacacg-39 and 59-GGATCCCCCcatggcgatgcctta-39, respectively. All amiRNA PCR products were cloned into pENTR D TOPO (Invitrogen). Using LR Clonase, the amiRNA was transferred into the vector pFH0032 (see Supplemental  Table 7 online). Clones in pENTR D TOPO and pFH0032 were verified by sequencing. The verified plasmids were individually electroporated into a pSOUP containing Rhizobium radiobacter GV3101(pMP90), and the presence of the plasmid was confirmed by PCR as described elsewhere (Weigel and Glazebrook, 2006) .
Plant Material, Growth Conditions, and Transformation
Surface-sterilized seeds (10 to 20 min; 70% ethanol and 0.1% SDS; three to four washes with ;100% ethanol) of Arabidopsis were cold-treated for 2 to 5 d at 4°C and germinated on half-strength Murashige and Skoog basal medium for 5 to 7 d. The medium was supplemented with Gamborg's vitamins (Sigma-Aldrich; Murashige and Skoog, 1962; Gamborg et al., 1968) , 1% Suc, 0.8% Phytoagar (Difco), and pH adjusted (pH 5.8; 4-morpholinoethane sulfonic acid [2.6 mM; Sigma-Aldrich] titrated with potassium hydroxide). Plants were transferred to plastic pots containing sterilized premixed soil (Sunshine Professional Blend; McConkey) supplemented with an appropriate amount of fungicide (Cleary) and insecticide (Marathon) and propagated under the following conditions: long day (16 h light/8 h dark); 23 to 27°C, 20 to 70% humidity, 60 to 100 mmol m 22 s 21 light. Plant transformation by floral dip was essentially performed as described elsewhere (Clough and Bent, 1998) with the following modifications: Rhizobium radiobacter GV3101(pMP90) (Koncz and Schell, 1986) was grown under selection of all markers (i.e., genomic, Ti-plasmid, pSOUP, and T-DNA plasmid). The infiltration medium for resuspension of the bacteria and floral dip contained 5% Suc (w/v) and 0.02% (v/v) Silwet L-77 (Clough and Bent, 1998) . When appropriate, media for growth of bacteria or plant selection contained the following concentrations of antibiotics (mg mL 21 ): carbenicillin 100, kanamycin 30, rifampicin 50, spectinomycin 100, tetracyclin 10, and phosphinotricin 15.
Screen with the TPK Library
Homozygous transgenic Arabidopsis Col-0 lines harboring a promoter RAB18:GFP fusion (Kim et al., 2011) were transformed as described above. T1 plants (on average 10 lines) were selected and seeds from individual lines collected. Seeds from individual T2 lines were screened on plates (see above) for insensitivity to ABA (2 mM; Sigma-Aldrich) during seed germination. For each amiRNA, at least three lines were tested along with the controls on one ABA containing plate. As control for ABA insensitivity, lines containing one of two different amiRNAs targeting ABI5 were used, and the Col-0 pRAB18:GFP line (Kim et al., 2011) was used as wild-type control. In parallel, for all amiRNA lines, the resistance against phosphinotricine was tested again. The putative ABA insensitivity was scored in a binary manner for similarity to the amiRNA-ABI5 lines after 5 to 10 d using green cotyledons as indicator (Kuhn et al., 2006) . For lines that showed a putative ABA insensitivity, the seed germination assay was repeated, this time imaging both plates (6ABA) daily for at least 8 d and manually counting emergence of radicles and cotyledons using Fiji (Schindelin et al., 2012) .
Quantitative RNA Analyses
Plant tissue (seedlings, leaves, and inflorescences) for RNA preparation was frozen in liquid nitrogen and stored at 280°C. For RNA isolation, 100 to 300 mg of the frozen tissue was homogenized using a cryo bead mill (2 3 1 min at 30 Hz; Retsch), and ;100 mg of the ground tissue was processed using the RNeasy Plant Mini kit (Qiagen) according to the manufacturer's instructions. The spectrophotometrically quantified RNA was DNaseI treated (TURBO DNA-free kit; Ambion/Applied Biosystems) according to the manufacturer's instructions and after quantification the integrity analyzed by standard gel electrophoresis (Maniatis et al., 1982) . RNA (1 to 5 mg) was reverse transcribed using either the first-strand cDNA synthesis kit (GE) or Superscript III (Invitrogen) with oligo(dT) primers at the conditions indicated in the manual. Quantitative real-time PCR was performed using SYBR Green JumpStart Taq ReadyMix (Sigma-Aldrich) with a CFX Real-Time PCR cycler (Bio-Rad) with the following conditions: 95°C, 3-min initial denaturation, followed by 40 cycles of 95°C for 10 s, 55°C for 10 s, 72°C for 30 s; 10 to 15 mL reaction volume in duplicates. A melting curve analysis was performed between 65 and 95°C with increments of 0.5°C for 5 s. Primers were designed using QuantPrime (Arvidsson et al., 2008) with the default settings or taken from Czechowski et al. (2004) . For normalization, three reference genes (AT4G05320, AT1G13320, and AT1G58050) were used with primers reported elsewhere . Analysis of the quantitative real-time PCR data was performed using the methods available in the qPCR package (version 1.3.6; relevant parameters: data were normalized and the background subtracted; starting fit model: l4; efficiency estimation: cpD2; outlier check: uni2; uncertainties: propagate; refmean: True; Ritz and Spiess, 2008) and the dixon test available in the outliers package (Komsta, 2011) and python tools (http://pythonhosted.org/uncertainties/; http://pyqpcr. sourceforge.net) to summarize the data. Correlation analysis between physicochemical amiRNA properties and observed regulation was performed graphically using a glm fit available in ggplot2 (Wickham, 2009) and statistically using global validation of linear model assumptions implemented in the gvlma (Peña and Slate, 2006) package in R with a level of significance of 0.05.
Accession Numbers
The PHANTOM library is publicly available through the ABRC under the following accession numbers: CD4-62, CD4-63, CD4-64, CD4-65, CD4-66, CD4-67, CD4-68, CD4-69, CD4-70, CD4-71, CD4-72, CD4-73, CD4-74, CD4-75, CD4-76, CD4-77, CD4-78, CD4-79, CD4-80, CD4-81, and CD4-82. Accession numbers for targeted genes, amiRNA sequences, and pool names can be found in Supplemental Table 5 and Supplemental Data Set 1 online.
Supplemental Data
The following materials are available in the online version of this article. Supplemental Data Set 1. List of Target Genes, AmiRNA Sequences Designed for the TPK Library and of Target Genes, AmiRNA Sequences, and Pool Names Designed for the PHANTOM Library.
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